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Background

» Radiative transfer used for cloud remote sensing for decades

 Climate impact of clouds has been main focus
- how do we represent them in climate models?
- what are their radiative effects?
» Minimal use for weather and other practical applications

- recent incorporation of COZ2-slicing cloud heights in NWP models

* Why not more use? Need near real time!

- cloud property retrievals computer intensive
- calibrations of visible channels highly uncertain

- no sales



What’s New?

« Computers & networks are now very fast

- satellite data available nearly anywhere minutes after acquisition
- complex programs run quickly near-real time possible
- display of results easy and informative
 Cloud retrievals more mature
- more confidence in retrievals
- most operational satellites have necessary channels for more info
« Calibration more reliable

- self-calibrated MODIS et al. calibrate operational imagers

 Demand

- modelers see benefits, can use more data now

- new applications will find users



Aircraft Icing

* Aircraft structures act as ice nuclei in supercooled clouds

- ice collects, weight increases, plane falls
* Pilots need to know where and when icing can occur

- PIREPS are first order

- sparse, aircraft dependent, location uncertain
- weather forecasts

- freezing levels, cloud expectations
- radar => precipitation

* All combined in NCAR/FAA/NOAA/NASA program to provide
Current Icing Potential (CIP) & Future Icing Potential (FIP)
products to pilots

- some inadequacies remain

- NWP uncertainties, intensity, altitude of icing, etc.



Remote Sensing of Icing Conditions

ICING CONDITIONS ARE DETERMINED BY CLOUD

 liquid water content, LWC positive w/ intensity
« temperature, T(z) negative w/ intensity
» droplet size distribution, N(r) r positive w/ intensity

SATELLITE REMOTE SENSING CAN DETERMINE CLOUD
« optical depth,
 effective droplet size, re
 liquid water path, LWP
« cloud top temperature, Tc

* thickness, h
IN CERTAIN CIRCUMSTANCES



Radiative Transfer for Operational Remote Sensing

 For operational satellites (e.g., GOES or AVHRR), need means to
represent multi-spectral radiance field for full range of expected
conditions (surface, atmosphere, cloud)

- three (four) wavelengths: 0.65, 3.8, 11.0, 12.0 um
» LaRC approach (based on adding-doubling RTM)

- compute 0.65 & 3.8 cloud reflectances in black vacuum, create
LUTs for range of r, and D, T over all SZA, VZA, RAA

- parameterize effective emissivity of clouds at 3.8, 11.0, 12.0 ym

- create LUT of Rayleigh scattering at 0.65 um

- parameterize AD code using LUTs and surface reflectance =>
TOA reflectances, R,

- apply simple layer RT for 3.8, 11.0, 12.0 ym using gaseous
absorption/emissivity based on correlated k-dist computed using
NWP soundings => TOA brightness temperatures, T,

* Find closest match between  R(r./D,,t,p) & R,(obs);
T.((r./D,,t,p) & T,(0bs)



Scattering Phase Functions for Clouds Used in LaRC LUTs
(a) 0.65 MM (b) 3.75 um
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FiG. 3. Scattering phase function for three different ice cloud models (forward scattering maxima have been clipped) for (a) A = 0.65 um
and (b) A = 3.75 um.
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FiG. 4. Theoretical Mie scattering phase functions for modified gamma distributions of water droplets at (a) A = 0.65 um and (b) A =
3.75 um.



AD Results for
reflectance

0.65 um

3.75 um

Minnis et al., JAS 98
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AD Results for diffuse albedo

3.75 um
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Single-Layer Cloud Reflectance Model
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FiG. 3. Schematic diagram of scattering and absorption processes for a three-layer
atmosphere with no clouds (left) and with one cloud layer (right).




Visible Parameterization

AD Lite

Rz = Pri + 0" Dy(1 - Oryq) + tas (W) [tei(Wo) pc + Sq] (1)

where
o' = 0 tey () + [1 - tre(Wo)] ey,
D1 = T1 (1 +S1),

Sy = Upgy Ceg /(1 = Oy Ueg),

Ti=1-tW) - Oy,

U, U, = cosb, cosb,,
tz is the direct Rayleigh transmission as defined by
Minnis et al. (1993), and the numeric indices refer to a
layer or combination of layers. The downward
transmittance of the two layers is

T =Dy [Ty + ()] + T, ey (W),

where

T2 =1- lxc‘ - t<:(/Jo)
and t, is the direct transmittance of the cloud (Minnis et
al. 1993).

The combined reflectance for the three layers is

Rizs = Rigt Orgr Dy Thp™ +(pra t(Ho) tri(o) +St(H) tri (),

where
D, =Ty (1 4S,),
Sz =Q2 /(1- Qz),
Q; = oy, R4y,
Ry = gy + (1 - 0py)Dy Oy + tay (W) 0ty tri (W) + Sy)
T =U (1 - 0rg),
and
Ur=(1-ag (1+S).
The downward transmittance for the three layers is

Tioa =D, [Ty + t(W)] + T, tay (o),

where

Ty=1- gy - tro(lho).

RTOA = (Ras + AR) exp('Tgas(‘”‘l + 1/“0)

The combined atmosphere and surface reflectance
is

Ras = Riga + g 125" Dy + tios()ps tios(,) + Sal. (2)

where o, and p, are the diffuse surface albedo and
surface bidirectional reflectance, respectively,

tios(1) = tre (W) (1) tra(t)

t123(IJo) = tm(ﬂo) tc(l-/o) tRz(llo)

Parameterization errors

Table 1. Relative differences in TOA reflectance between
parameterization and AD calculations.

Dy=Typ (1+Sy),
Sa=Q3/(1 'Q3)
Q; = oy Ryps',
Tig"=Ti" Uy,

Uy"=(1+S,") (1 - ore),
S, =Ry trgp / (1 - Ry)™ Oay),
Rip™ = 0y + U™ Otrgs (1 - 0g),
and
Rizs = Rip' + 0Dy T1," + [S; + aoto(Uotay (Wo))te: (1)t ().

oy (%) new parameterization  old parameterization
4-10 -0.01 £ 0.53 % -0.08 £5.1 %

10 -50 -0.01 + 0.67 % -0.14+7.0%
50-90 0.03 + 1.04 % -43+12.4%

Values for a.4, and p, are estimated from the
estimated clear-sky diffuse albedo «.., (Minnis et al.
1993) and the observed clear-sky reflectance, p,,.

oy = 1.149 @, - 0.0333. (3)

ps= ps‘ -D Olgq / exp('TRm/‘uo)’ (4)
where
psl = [pcs / exp('rgas (1/” + 1/“0)) - pR13] / (1 - lde13)

D =(1+S)(1- Orys - €XP(-Tris/lls) + S XP(-Trya/lls),

S = Oy Opagya 1 (1 - Oy Urqra),
and
T5as 1S the absorption optical depth for the gaseous
absorbers, such as ozone and water vapor, for the

6 .
2.cO

i=1

3 3 ,
AR=a,+ xau, +xbu' +
=1 =1

Minnis et al., TGARS 08




Parameterization of Brightness Temperatures

Example of AD results, &
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FiG. 12. Variation of effective emittance with clear-cloud temperature difference from adding—
doubling model calculations for r, = 6 um.

Parameterization of ¢

C=1/n(ATy,)
W = cos VZA

€= 1/In(TS)
Minnis et al., JAS 98

Radiance at cloud top

Parameterization errors

B,(T,) = &,B(T.) + (1 — &,)B(T,) + p,uoE,8(d),

AN\

TasLE 10. Rms temperature differences between AD model and
emittance parameterization.

3.75-um AT (K)

3.90-um AT (K)

Model All e <1 All e<1
Water
re (um) =
2 1.16 0.71 1.07 0.67
4 1.21 0.69 1.16 0.69
6 1.02 0.55 1.00 0.57
8 0.81 0.48 0.81 0.48
12 0.55 0.36 0.55 0.37
16 0.42 0.30 0.42 0.30
32 0.22 0.18 0.22 0.18
lce
NCON 2.44 1.13 2.20 0.84
CON 1.62 1.04 1.45 0.90
CcC 1.22 0.75 1.04 0.64
T60 1.06 0.62 0.90 0.56
CS 0.92 0.54 0.81 0.42
WCS 0.83 0.44 0.70 0.37
T40 0.63 0.32 0.52 0.27
NOV 0.45 0.26 0.38 0.19
OCT 0.32 0.17 0.25 0.13
CuU 0.27 0.15 0.21 0.11
LPC 0.21 0.12 0.16 0.09




Brightness Temperature Differences from Parameterization
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Finding a Solution, Given

R,(obs), T.(obs)

Try to compute solutions
iteratively for (A) ice and (B)
water, if T(11) > 233 K.

Use logic to deduce phase

Calculate T, from Ty
Using ¢ for water.
r=8um,z=3km

ICE PARTICLES @ WATER DROPLETS

Assume:
Water
r=8um
Yes Nol 7 -3km
iter=0
ecompute ] — — No
€ 1, and T A
Assume

Water
r=32um
K

Compute
Tam = f(d.LAT)

no retrieval

Assume: I

Water »
r=2um
[eff
-
Interpolate T3 Interpolate T3
in T3, to solve in T3, to solve

for dnew for rew

smallest error

agreement w/T11-T12

| Y W

In most cases, no retrieval or

KEY

. Ty = Measured channel 4 temperature g = Solar zenith angle
Teff d e C I d eS h a S e ' T3 = Measured channel 3 temperature r = Assumed water droplet radius
- Tss = Clear-sky channel 4 temperature :I’ew = Calculated water droplet radius

T35 = Clear-sky channel 3 temperature = Assumed eﬁectn{e ice pamc_le dla_meter

am  =Modeled channel 3 temperatures dnew = Calculated effective ice particle diameter
. . T, = Cloud temperature 2 —loud athice
c P iter = Iteration counter
Visible Infrared Solar-infrare $oTeT & ot
D, = Observed visible count T = Visible optical depth

Split-window Technique ® D o
(VISST)

Minnis et al., NASA 95

Figure 4.3-10. Flow diagram of channels 1, 3, and 4 cloud property retrieva agorithm. Effective diameter is denoted with d;
effectiveradiusisr.



Putting Parameterizations into Near-Real-Time Operation

for GOES
No _[Clear values]

Compute clear update

reflectance
Compute clear

temperatures

T VISST/SIRS
Compute atmos i » Retrieve cloud
corrections properties

Process each image as
a sequence of pixel
groups (tiles)




Products Derived from Geostationary & Polar-Orbiting Satellites

Current Products

0.65 um Reflectance 3.7 um Temperature 6.7 um Temperature
10.8 um Temperature 12 or 13.3-um Temp 1.6 um Reflectance
Skin Temperature Optical Depth Eff Radius/Diameter
Lig/Ice Water Path  Cloud Eff Temp Cloud Top Pressure
Cloud Eff Pressure  Cloud Top Height  Cloud Eff Height
Cloud Phase Cloud Bot Height Cloud Mask

Cloud Bot Pressure  Icing Potential Broadband SW Albedo
Broadband LW Flux Infrared Emittance

New products:

Surface Flux (Gridded)

Multi Layer Cloud Mask & Layer Retrievals

http://www-angler.larc.nasa.gov/satimage/products.html




Analysis Applied to Two Satellites to Cover USA
1645 UTC, 4 Dec 2007

GOES-11 RGB GOES-12 RGB

MASA Lare (M3.0)

Multichannel-RGB
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GOES-11 RED=R .65 GRN=T3Z.9-11 BLUE=T11 DEC 04, 2007 16:452Z NASA LARC GOES-12 RED=R .65 RN=T32.9-11 BLUE=T11 DEC (04, 2007 16:452 NASA LARC

Each image is analyzed and the results are combined



Combined GOES-11/12 Retrievals, 1645 UTC 4 Dec 2007

Light Blue - Supercooled
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CLOUD PRODUCTS VS. ICING PARAMETERS

e Tc & h can yield depth of freezing layer

e 7, is top of icing layer

e ceiling= z,- h

IN MANY CASES, SATELLITE REMOTE SENSING
SHOULD PROVIDE ICING INFORMATION



GOES SLW vs. PIREPS Icing

Compared to Positive icing PIREPS and provided
there were no overcast ice clouds, LaRC GOES
technique detected SLW 98% of the time (Smith et
al., 2000)




Comparison of GOES Cloud Properties with PIREPS Icing Intensity
N=7800 (Jan-March, 2003)
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Comparison of LWP with 18,000 PIREPS, 5 Jan -5 Apr, 2005

Day Time GDCP Liquid Water Paths vs Pirep Severity
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Probability

Dependence of Icing on LWP and r,

o
(o4

o
fo)

o
N

Probability of icing

o
(V)

K
o
K

| | 1 L 1 0
200 400 600 800 1000 1200

LWP (gm™2)

m re=5yum

O re=16pum

b)

| | | | |

O 200 400 600 800 1000 1200

LWP (gm™)

Major dependence on LWP, minor on r,

Formulation developed for icing potential



lcing Potential from GOES Data Alone

ICING

HI PROB
MOD-HY'Y

HI PROE
LIGHT

MED PROE

LIGHT

LOW PROE

INDETER

NONE

554 Langley (M3.0) .

GOES-W:16: 4 QES : ;L ICING FOTENTIAL




Integration of Cloud Products into NCAR CIP

16 UTC 16 Feb 2005

898
0

698 798
ASAP PHASE:

998 1098 1198 1298 1398 1498 1598

02/16-,2005 15:45

Phase

GOES Cloud
Properties

:00 15:30 16:00 16:30
(3-1:] 798 898 998 1098 1198 1298
TCIP INT: 825 mb 02/16,2005 16:00

CIP

1
1398

:00
1498

[l 5:00

1598

CIP Icing
Severity
Product

Haggerty et al., JCAM 08
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Finding More Icing in Indeterminate Areas
Multilayer Cloud Detection & Retrieval
« Some indeterminate cloudy pixels are overlapped ice over
water clouds

- multilayered cloud detection needed to find those areas where
icing is a problem

* Need a multilayered VISST to derive low cloud properties

A/ s

A

Use AD model to
develop LUTs for ice
over water clouds fee Cloud

TR

T

T2

Water Cloud

Pr3

Trs

Minnis et al. JGR 2007



Multilayered Cloud Reflectance Fields from AD Computations

Total WP - 200 gm-2, Vary LWP

(a) LWP=0D gm™ (b) LWP=50 gm™

0.27 0.40 0.53 0.87 0.80
Reflectance {0.65um)

0.00 0.13

BRDF varies dramatically as mix of ice and water changes
Minnis et al. JGR 2007



Multi-layered Cloud Detection, 13.3/10.8 um
1645 UTC 4 Dec 2007

.. _'—h-.
P

O
16

7
1452 NASA LARC

Magenta areas are identified as multilayer ice-over-water
Based on simplification of Chang & Li, JGR 2000 method



Multi-layered Low Cloud Retrieval, ML VISST
1645 UTC 4 Dec 2007

Teff, ML Low o Optical Depth, ML Low

210

200

190

. -

GOES-12  LOWER I:Q“."ER TEMPERATURE ojo 6 NASA LARC GOES-12 LOWER 1LQYEF\. OFT DEFPTH

Some retrieved clouds are supercooled



lcing Potential
1645 UTC 4 Dec 2007

P w
ICING oo : ICING

NO DATA SR 5 ) 4 N e NO DATA

by ! % . MLRAY
HI PROB R G Wi ICING
MOD-HVY ( %3

HI PROB
HI PROB MOD-HvY
LIGHT
HI PROB
LIGHT
MED PROB

LIGHT _
MED PROB
LIGHT

LOW PROB

5 LOW PROB

PIREF ICING PIREF ICING
INDETER

= HOD g 8 & o0 INDETER

B HERVY _‘ C B HEAYY
NONE At ) NONE

4G-12 IMG ICING FPOTENTIAL 4 DEC D7 16:45Z NASA LARC 3G-12 IMG MLE ICING POTENTIAL 4 DEC 07 16:45Z NASA LARC

Multilayer retrievals pick up additional areas
with icing that were formerly indeterminate

... Some areas remain undetected



When upper cloud is too thick, CO, Does Not Help

...may need microwave data

Microwave radiative transfer can be used to
determine cloud LWP and temperature of water
clouds even when thick ice cloud is present

= A
[l

Temperature derived from TMI MW 37 GHz on
TRMM, 1998 for single-layer ice cloud = SST —»

T, derived from VIRS imager using VISST

Water cloud temperature derived from TMI
MW 37 GHz on TRMM, 1998 for single-layer
ice cloud

T, derived from VIRS imager using VISST

Supercooled clouds can be detected using
MW data, day & night

Minnis et al., JGR 2007
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Summary & Future Research

» Radiative transfer has enabled the development of new cloud products

from real time satellite data
- application to weather and nowcasting problems
- proven valuable for aircraft safety products (used in CIP)
- near-real time cloud properties & radiation budget available over
many regions of the globe

* Icing product currently limited to water clouds without overlying cirrus
- CO2-slicing with ML VISST looks very encouraging
- limited to thin cirrus over thick water
- MW with ML VISST works over ocean
- need more development over land
- real time limited because of few polar-orbiters with MW data
- GEO MW?

» Other applications in process
- improve icing altitude range more accurately than model
- cloud products being assimilated into RUC (Ztop, LWP/IWP)
- potential for ceiling estimation



